Over the last few years, a number of major resources for genetic and physical analysis of the Escherichia coli K-12 chromosome have been developed. One of the first advances was the construction of the NotI restriction enzyme cleavage map of the genome of strain EMG2 (27) , a strain considered to be closely related to the original wild-type E. coli K-12 isolate. Kohara and coworkers (20) constructed and ordered a set of phage k clones with nearly complete coverage of the genome. DNA from a subset of these phages (the miniset) is available as an ordered set on a single filter that can be used in hybridization experiments to localize sequences within the chromosome (21) . A nearly complete cosmid library has also been constructed (28) . A collection of transposon insertions has been assembled containing a marker roughly every minute around the chromosome (26) . Finally, the total published sequence of the E. coli chromosome, representing approximately 35% of the genome, has been compiled and made available along with software for analysis (22, 23) .
These powerful resources provide new tools for the analysis of E. coli. One potential complication is that different strains of E. coli K-12 have been used for these projects. For example, the NotI map used strain EMG2 (9) , which, although it is considered to be closely related to the original wild-type E. coli K-12 isolated in 1922, is not itself widely used for studies of E. coli. The ordered phage A and cosmid libraries used strain W3110, a popular strain that nevertheless contains a large inversion in its chromosome (17) as well as other changes (22) (23) (24) 28) . The transposon collection is derived from many sources but relies on strain MG1655 (16) , another popular strain, as a common carrier. Finally, the DNA sequence data base is drawn from many strains. It is not clear how much of a problem this lack of isogenicity will pose in applying these resources. However, it is clear that there are differences in the genomes of these strains, and we report on some of these here. ,ug/ml; and chloramphenicol (CAM), 25 ,ug/ml. The final concentration of isopropyl-thiogalactoside (IPTG) was 0.5 mM.
Auxotrophic transposon insertion mutants. GE2515 is an MG1655 derivative that has been transformed with plasmids pMS421 (Spcr) and pJD12 (Amp9 (Fig. 1 (15) . Plasmid pJD12 was derived from pMM12, a derivative of plasmid pZT344 (13) . Plasmid pZT344 is a pBR322 replicon carrying a defective TnJO element containing the cat gene (chloramphenicol resistance) flanked by 66 bp from the ends of TnJO. Plasmid pZT344 also contains the TnlO transposase under the control of the tac promoter. To make plasmid pMM12, NotI and SfiI restriction sites were inserted inside one 66-bp end of the TnJOdCam element, creating transposon TnJOdCamNS (3). The sequence of the polylinker in this transposon is GGATCCGGCCCGGGGGGCCGCGGCCGC-cat. By using oligonucleotides, XbaI, NheI, and DraI restriction sites were inserted between the NotI and SfiI sites of the TnJOdCamNS element of plasmid pMM12, regenerating the NotI and Sfil sites and creating TnJOdCamMCS. The sequence of the polylinker in this transposon is GGATCCG GCCCGGGGGGCCTCTAGATTTAAAGCTAGCGCGGC CGC-cat. The resultant plasmid pJD12 was used to transform MG1655 containing plasmid pMS421. Plasmid pMS421 provides the lacIq repressor to control expression of the transposase and subsequent activation of the transposon. Strain GE1669 is identical to GE2515 except that it contains plasmid pMM12 in place of plasmid pJD12. GE1669 was used to generate some of the transposon insertion mutants as described below.
GE2515 (or GE1669) was grown from an isolated colony overnight in L broth with CAM and spectinomycin. Then, 0.1 ml of the overnight growth was added to 5 ml of L broth-spectinomycin-CAM-IPTG and allowed to incubate at 37°C with aeration for 4 h. During this time transposition of the TnJO derivative present on the multicopy plasmid occurred. A 0.2-ml sample of a 10-6 dilution was spread on each of several L-CAM plates and incubated at 37°C overnight. At this stage, the cells contain multiple insertions in their chromosomes. The colonies were replica plated onto M63-CAM plates and placed again at 37°C overnight. Mutants with a nutritional requirement fail to grow on the M63-CAM plates. Auxonography was performed as described by Davis, Botstein, and Roth (11) Two types of agarose were used for contour-clamped homogeneous electric field (CHEF) gels. SeaPlaque GTG (FMC) was used for measurements of DNA fragment sizes because bands were sharper in this matrix. It was also used when bands were to be recovered from gels (e.g., to be used as probes), because this brand is low-melting-point agarose. FastLane agarose (FMC) was used when DNA was to be transferred to membranes for Southern blotting, because it gave more efficient transfer. Because of the difference in the gel matrix, FastLane gels were run at a slightly faster pulse time and for a shorter duration than SeaPlaque gels.
Samples were subjected to PFGE using the CHEF system (7 gave good resolution of fragments from about 50 to 300 kb. A pulse time of 75 to 100 s was adequate for resolving fragments above 300 kb. The best separation of fragments smaller than 50 kb was obtained when a pulse time of 10 to 20 s for 10 h was followed by a pulse time of 1 to 10 s for an additional 20 h. Figure 2 illustrates the resolution obtained under these conditions of CHEF gel electrophoresis. Greater resolution of specific size ranges may be attained by limiting the pulse times to a smaller range or by running the gel at one continuous pulse time for a period of time such that the fragment range of interest can migrate further through the gel. The best resolution of a wide range of fragments, from 10 kb up to approximately 400 kb, on a single gel was attained by modifying the CHEF DRII apparatus to allow large-format gels. Gels of 24 by 20.5 cm were accommodated by drilling two 9-mm-deep holes with a 5/32-in. (ca. 0.4-cm) drill bit into the Plexiglas body of the unit for the gel support posts. A large-format 1.2% SeaPlaque GTG agarose gel run with standard conditions and a pulse time of 5 to 40 s for 60 h resulted in straight lanes with good resolution of fragments ranging from 9 kb up to about 400 kb.
Determination of DNA fragment sizes. After electrophoresis, gels were stained with ethidium bromide and photographed on a UV transilluminator. By using the photograph, the distance between the leading edge of the sample well and the leading edge of the bands was measured to the nearest 0.1 mm. Preliminary experiments with NotI digests of MG1655 DNA showed that leading-edge measurements on CHEF gels were less affected by overloading than either lagging-edge or center measurements. The size of unknown bands was determined by interpolation (see below) using DNA size standards in the same gel. For most gels, A DNA concatemers (unit size = 48.5 kb) obtained from FMC were used as size standards. For size determination of fragments less than 50 kb in length, a series of size standards between 10.1 and 48.5 kb was constructed by cleaving X DNA with the following restriction endonucleases: ApaI, KpnI, NarI, Sacl, and SalI. These were combined to produce a size standard ladder with fragments of the following sizes: 10.0, 15.3, 17.1, 22.6, 24.8, 29.9, 38.4, 45.7, and 48.5 kb. The last fragment is uncut X DNA.
Interpolation of fragment sizes was based on the observation that the relationship between band mobility and size is approximately linear for the size standards used in this study with appropriate pulse times and ramping (see discussion of Fig. 2 above). Given this relationship, the size of an unknown fragment was determined from the two flanking size standard fragments by using a two-point linear model. Several gels were also analyzed by fitting the size standards to a computer-generated polynomial equation and using this to predict sizes of unknown fragments. Sizes determined in this way were not significantly different from those determined by two-point linear interpolation. Gel mobility data were not consistent with a logarithmic or semilogarithmic model.
Hybridization of NotI fragment probes to E. coli gene mapping membranes. NotI fragments were mapped with respect to the genomic restriction map of Kohara et al. (19, 20) by hybridizing 32P-labelled fragment probes to the Gene Mapping Membrane from Takara Biomedicals. The Gene Mapping Membrane contains DNA from each of 476 phage A clones (the miniset of the Kohara et al. library) arranged in a grid. A radiolabelled genomic probe will hybridize to a series of the clones, and thus its location on the genomic restriction map can be determined.
To prepare probes, NotI fragments from SeaPlaque agarose gels were excised and radiolabelled with [32P]dCTP by using the random hexanucleotide priming method (Multiprime DNA labelling system; Amersham). Probes were hybridized to the filters in Hoefer Scientific Instruments PR800 Hybrid-Ease chambers. Following incubation for at least 2 h at 65°C in prehybridization solution (1 M NaCl, 50 mM Tris-HCl [pH 8], 1% sodium dodecyl sulfate [SDS], 200 ,ug of heat-denatured sheared salmon testis DNA per ml), filters were incubated overnight at 65°C in 20 ml of hybridization solution (1 M NaCl, 50 mM Tris-HCI [pH 8], 1% SDS, 10% dextran sulfate, 100 p,g of heat-denatured sheared salmon testis DNA per ml) with approximately 106 dpm of heat-denatured probe added per ml of hybridization solution. Filters were washed (15 min per wash) once with 2 x SSC-0.5% SDS at 65°C, twice with lx SSC-0.5% SDS at 65°C, and twice with O.1lx SSC-0.1% SDS at room temperature (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate). They were then exposed to X-ray film at -80°C, usually overnight. After autoradiography, the filters were stripped in boiling 0.5% SDS and then rehybridized.
Southern blots of CHEF gels. X concatemers and NotI digests of MG1655 were separated by CHEF gel electrophoresis in 1% FastLane agarose (FMC)-0.25x TBE. A standard pulse time of 5 to 35 s with ramping was used, and the gels were run for 20 h at 200 V. Separated fragments were transferred to a GeneScreen Plus Hybridization Transfer Membrane (NEN-DuPont) by using the protocol outlined in reference 4. Gels were stained with 1 pug of ethidium bromide per ml for 30 min with constant shaking. The gel was irradiated for 60 s with a 254-nm light source at an intensity of 1.4 mW/cm2. After soaking in 0.4 N NaOH for 15 min, the DNA was transferred onto the membrane by using 2 liters of 0.4 N NaOH as solvent by standard capillary transfer methods. Following transfer for at least 24 h, the membrane was neutralized in 0.5 M Tris (pH 7). The procedures outlined in the previous section were used for labelling of probe, hybridization, autoradiography, and stripping of the Southern blots.
Computer analysis of DNA sequence data bases and assignment of physical map coordinates. DNA sequences were analyzed with the Genetics Computer Group Sequence Analysis Software Package, version 7.0 (12), running on a DEC MicroVax 3900. The GCG Find program was used to locate NotI cleavage sites in E. coli chromosomal sequences from two data bases: GenEMBL and EcoSeq2 (23) . The GenEMBL DNA sequence data base is provided with the GCG package and is composed of sequences from release 67.0 of GenBank, supplemented with unique sequences from release 26.0 of the EMBL data base. EcoSeq2 is an E. coli chromosomal DNA sequence data base consisting of all published sequences in GenBank and EMBL (up to 1 August 1991), as well as unpublished sequences. Contiguous sequences have been joined to yield larger melds, so that all sequences are represented only once in the data base. This data base contains approximately 35% of the sequence of the E. coli chromosome. We obtained EcoSeq2, along with Ecoli4.map (described below) and several documentation files, by anonymous Ftp from the National Center for Biotechnology Information Internet computer ncbi.nlm.nih.gov, as detailed by Rudd et al. (23) . We also downloaded and compiled the C source code for four utility programs that accompany EcoSeq2 and Ecoli4.map: PrintMap, ProbeMaker, MapSearch, and AlterMap.
Physical map coordinates for NotI sites and transposon insertions were assigned on the basis of the coordinate system of Ecoli4.map (23) . Ecoli4.map is a revised version of the genomic restriction map of Kohara et al. (19, 20) . Following the conventions of the original Kohara map, restriction sites of the eight restriction enzymes have been assigned coordinates, with the beginning of the thr operon as the 0-kb reference point and proceeding in the direction of transcription of the thr operon. Consequently, 0 kb on the physical map is equivalent to 0 min on the genetic map, and the maps run in the same direction. Ecoli4.map was constructed by first aligning the sequences of EcoSeq2 with the Kohara map. Then, the coordinates of the restriction sites were altered to make them consistent with the sequence. Approximately 31% of the resulting Ecoli4.map is based on sequence data, with the remainder being based on the Kohara restriction map. Another 4% of the chromosome is sequenced but could not be unambiguously placed on the map. The estimated size of the E. coli chromosome, based on Ecoli4.map, is 4,671.0 kb. One important feature of Ecoli4.map that differentiates it from the original Kohara map is that the chromosomal segment between rrnD and rrnE, which is inverted in strain W3110 and in the original Kohara map, has been reinverted to the wild-type order in Ecoli4.map. A second modification is the removal in VOL. 174, 1992 on November 7, 2017 by guest http://jb.asm.org/
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Ecoli4.map of four of the five repeats of the tdc-rnpB region, represented in five copies in the Kohara map (23, 24) . Thus, Ecoli4.map corresponds more closely to the chromosome of strain MG1655.
The first step in assigning coordinates to NotI sites and transposon insertions was to assign coordinates to sequenced NotI sites present on Ecoli4.map. Exact coordinates for NotI sites were determined by first locating the sequences containing Notl sites on Ecoli4.map and then taking into account the location of the site within the sequence. Next, coordinates were assigned to transposon insertions in sequenced genes on Ecoli4.map. While exact coordinates exist for these genes or operons, the precise location of the insertion in a gene is not known. The center of the gene or operon was used as the coordinate for the insertion. Since some of these genes or operons are several kilobases in size, this limits the precision of transposon coordinate assignments.
Transposon insertions in genes that have not been placed in Ecoli4.map were assigned coordinates next, on the basis of the position of the affected genes on the genetic map. Because of the imperfect correlation between the genetic and physical maps of E. coli, these coordinates are less exact than those for placed genes. In one case, that of the metE::TnJOdCamMCS strain, one of the Notl fragments adjoining the insertion was used to probe the Gene Mapping Membranes. Therefore, coordinates for this insertion could be assigned with more certainty.
Finally, two methods were used to assign approximate coordinates to Notl sites that lie in regions that are not placed in Ecoli4.map. If a Notl fragment had been used to probe a Gene Mapping Membrane, coordinates were assigned for the endpoints of the fragment on the basis of these results. Because of the close relationship between Ecoli4.map and the Kohara phage library, these coordinates could usually be assigned within a range of 2 to 6 kb. For the remainder of the unsequenced sites, coordinates were assigned on the basis of nearby sequenced sites or transposon insertions, combined with data from PFGE analysis. This method of assigning coordinates is less exact than that for sequenced sites or sites placed with Kohara filter hybridization. Therefore, the range for these sites is larger, from 8 to 18 kb.
RESULTS AND DISCUSSION
NotI cleavage map of strain MG1655. Four approaches were combined to place NotI cleavage sites on the genetic and physical maps. (i) Transposon insertions were isolated that caused auxotrophic mutations. This phenotype allowed each insertion to be located on the genetic map by virtue of its particular nutritional requirement, once its location had been narrowed to a particular region by restriction mapping. The transposon insertion also introduced a new NotI site, resulting in the loss of one wild-type Notl fragment and the appearance of two new fragments. The distance from the insertion to the Notl sites at the ends of the wild-type fragment could be calculated from the sizes of the new fragments. Since the location of the insertion on the genetic map was known, this allowed a correlation between NotI sites and the genetic map to be derived. (ii) NotI restriction fragments were isolated following PFGE and used as probes of filters containing the ordered miniset of phage X clones (21) . Typically a fragment would hybridize with a contiguous set of phage clones, allowing the endpoints of the fragment, and thus the NotI sites, to be mapped. Occasionally the gel band was a doublet. In this case, two separate groups of phage clones would hybridize and both fragments could be mapped. (iii) Recognition sites for NotI were identified in the collection of E. coli sequences assembled by Rudd et al. (22, 23) . This immediately placed sites on the genetic map and the associated physical map derived from these sequences and the phage X miniset by Rudd et al. (22, 23) . (iv) Cloned genes, whose location on the genetic map was known, were used as probes in Southern blots of pulsed-field gels of Notl digests. In some cases the cloned sequences contained NotI sites (linking clones) and hybridized to two fragments, establishing that these fragments were contiguous.
The map derived from these approaches is shown in Fig.  3 . The map is 4,595 kb in length. We have labelled fragments to correspond to the map of EMG2 derived by Smith and coworkers (10, 27) . They labeled fragments on the basis of their sizes, starting with the largest fragment. Because of strain differences, this relation does not hold for MG1655, and our fragment names were chosen only to avoid confusion with the earlier map. The correlation between the sets of fragments in these strains is shown in Table 2 .
The location of Notl fragments and sites is based on different approaches, as described above, and the evidence for the location of each fragment and site is summarized in Tables 3 and 4 . In all, there are 22 NotI fragments and 18 of the fragments are placed by multiple pieces of evidence. A total of 26 transposon insertions were used in the mapping, and these occurred in 13 different fragments. Nine fragments were used as probes of the ordered X library. Of the four fragments whose location is mapped by a single piece of Comparison of strains MG1655 and EMG2. Out of all extant strains of E. coli K-12, strain EMG2 (9) is considered to most closely resemble the original wild-type E. coli K-12 isolate (1). It is lysogenic for phage X and carries the F factor as a plasmid. Strain MG1655 is two steps removed from wild type, having been cured of X in the first step and F in the second (2) . A gel showing the NotI restriction patterns of these strains is shown in Figure 4 . The A prophage in EMG2 is in fragment K (205 kb), which is missing in MG1655 and is replaced by a 153-kb fragment K. The F factor in EMG2 is fragment Q, which appears as part of a doublet at around 100 kb. This doublet is replaced by a single band at this position in MG1655. A number of other differences can also be seen between these two strains. In Fig. 5 the map of MG1655 derived here is aligned with the EMG2 map (10, 27) . Most fragments are similar in the two strains, although there are several examples of small size differences (a few kilobases). Such variation can be rationalized on the basis of movement of insertion sequences for example. However, one region that shows a major difference in restriction pattern is the segment from approximately 25 to 40 min (fragments I, G, and 0). No simple rearrangement, such as an inversion, was consistent with the patterns that were observed, and we were unable to devise a simple hypothesis to account for the difference between strains. It may be significant that there are several cryptic prophages in this area (5) . A second major difference between the strains is seen near 50 min on the map, where MG1655 has an additional fragment (fragment W). This difference could be caused by a point mutation creating a new restriction site. A final quantitative difference is in the size of the smallest fragments (i.e., less than 50 kb) reported for the two strains (Table 2) . Since in our experiments the fragments from the two strains electrophoresed with the same mobility (data not shown), the differences in reported size most likely reflect differences in electrophoresis or measuring techniques.
Restriction patterns of other strains. The E. coli strain W1485 is the intermediate between the wild type and MG1655 (2) . It has been cured of X but still carries the F plasmid. It was thus of interest to compare its pattern with those of these strains. As can be seen in Fig. 4 , W1485 lacks the X prophage (loss of the 205-kb fragment and presence of the strain of the 153-kb fragment) but still carries the F factor (presence of the doublet at -100 kb). However, it is also apparent that the W1485 strain used in this study is not a simple intermediate between the other strains. In particular, in the region from 240 to 280 kb and the region at 85 kb, W1485 differs from EMG2 and MG1655 in a way that is inconsistent with its being a simple intermediate. It may be that all of these strains have changed after laboratory culture.
We also investigated the structure of three commonly used strains, W3110, AB1157, and MC4100. Strain W3110 is the strain used for the construction of the X library by Kohara et al. It is known to have an inversion between two rRNA operons (rrnD and rrnE) (17) as well as an amplification of a sequence at the tdc and rnpB genes and a translocation (22) (23) (24) 28) (Fig. 5) . The inversion and the amplified region have been corrected in the sequence data base assembled by Rudd et al. The inversion should result in the loss of fragments A (992 kb) and H (245 kb) and the appearance of two new large fragments, seen at the top of the gel in Fig. 4 This suggests there may be other differences between these strains in this region. From the gel of Fig. 4 , it can also be seen that W3110 is missing fragment G (273 kb) and has an extra band slightly lower, forming a doublet at around 260 kb. Fragment G contains the Rac cryptic prophage, and thus it is possible that this prophage has been lost in W3110. Minor fragment size differences are also apparent at the 90-to 100-kb region.
Strain AB1157 has been used widely for genetic analysis, particularly in the areas of DNA recombination and repair. It is also shown in Fig. 4 (Fig. 4) . This suggests a small size change in one of the fragments, possibly due to another deletion or movement of an insertion sequence.
The final strain that was analyzed is MC4100, which is widely used in genetic analysis, particularly for lac fusions. This strain contains the deletion A(argF-lac)U169, and, as shown in Fig. 5 (10, 27) is represented by the inside ring. The (23) . The A(argF-lac)U169 deletion of strain MC4100 is also shown on the map. these genes. The CD fragment is seen in Fig. 4 and was found to be 532 kb (by using a different pulse time), suggesting the deletion is considerably larger. Two other differences were seen with MC4100 as compared with MG1655. First, the doublet at 251 kb (fragments F and 0) was reduced to a singlet and a new band, forming a doublet with fragment H at 245 kb, was evident. It should be noted that fragment 0 has a cryptic prophage (Qin) but whether the change is due to the loss of this prophage or to another change in F or 0 is not known. Finally, fragment I (90 kb) was missing and a new fragment of 78 kb had appeared.
These results demonstrate that the map of MG1655, as well as that of EMG2, can be applied to other commonly used E. coli strains. In most regions of the chromosome there is consistency between the different strains. The region from 240 to 280 kb is one exception in which different patterns of bands exist. The other region, from 90 to 106 kb, appears to be consistent between most strains. However, the three bands in this region from EMG2 (O-P-R) and MG1655 (P-R-I) do not exactly correspond in gel order or chromosome location. Future experiments will determine whether the bands in other strains correspond to those from EMG2 or MG1655.
There are several potential applications of a restriction enzyme cleavage map such as the one presented here. Mutations can be rapidly and accurately mapped with the use of the TnJOdCamMCS system. This is true both for transposon-generated mutations (as demonstrated by the series of auxotrophic mutations described above), and for mutations which are linked to a transposon insertion. Analysis of chromosomal rearrangments such as insertions, deletions, duplications, and inversions is also facilitated by such a map. Several of these rearrangements were noted (as described above) when several common E. coli laboratory strains were compared. As other restriction enzyme cleavage maps are constructed, the utility of these maps in genetic and physical analysis of the E. coli K-12 genome can be further increased.
